ABSTRACT: In principle, the diameter and surface plasmon resonance (SPR) frequency of hollow metal nanostructures can be independently adjusted, allowing the formation of targeted photoactivated structures of specific size and optical functionality. Although tunable SPRs have been reported for various systems, the shift in SPR is usually concomitant with a change in particle size. As such, more advanced tunability, including constant diameter with varying SPR or constant SPR with varying diameter, has not been properly achieved experimentally. Herein, we demonstrate this advanced tunability with hollow gold nanospheres (HGNs). HGNs were synthesized through galvanic exchange using cobalt-based nanoparticles (NPs) as sacrificial scaffolds. Co 2 B NP scaffolds were prepared by sodium borohydride nucleation of aqueous cobalt chloride and characterized using UV−vis, dynamic light scattering, X-ray absorption spectroscopy, and X-ray photoelectron spectroscopy. Careful control over the size of the Co 2 B scaffold and its galvanic conversion is essential to realize fine control of the resultant HGN diameter and shell thickness. In pursuit of size control, we introduce B(OH) 4 − (the final product of NaBH 4 hydrolysis) as a growth agent to obtain hydrodynamic diameters ranging from ∼17−85 nm with relative standard deviation <3%. The highly monodisperse Co 2 B NPs were then used as scaffolds for the formation of HGNs. In controlling HGN shell thickness and uniformity, environmental oxygen was shown to affect both the structural and optical properties of the resultant gold shells. With careful control of these key factors, we demonstrate an HGN synthesis that enables independent variation of diameter and shell thickness, and thereby SPR, with unprecedented uniformity. The new synthesis method creates a truly tunable plasmonic nanostructure platform highly desirable for a wide range of applications, including sensing, catalysis, and photothermal therapy. KEYWORDS: cobalt boride, size control, sodium borohydride, galvanic exchange, hollow gold nanospheres, surface plasmon resonance
■ INTRODUCTION
Plasmonic metal nanostructures exhibit beneficial optical properties owing to their surface plasmon resonance (SPR), the collective oscillation of conduction band electrons that manifests as strong absorption, and/or scattering at the oscillation frequency. 1, 2 As oscillation frequency is structure dependent, the SPR may be tuned by changing the size or shape of the nanoparticle (NP). 3−5 This tunability positions plasmonic metal NPs as highly attractive components in nanomedicine, 6 −12 optoelectronics, 13−18 sensing, [6] [7] [8] [9] 13, 18, 19 and solar energy conversion. 20−24 In these applications, hollow metal nanostructures have distinct advantages over their solid metal counterparts including lower mass per particle for reduced material costs, higher surface-area-to-volume ratio for increased density of loading or catalytic sites, and enhanced plasmonic performance in applications like surface-enhanced Raman scattering (SERS), drug delivery, and catalysis. 25−30 Furthermore, the SPR of hollow structures are more tunable as the hollow core provides an additional parameter by which to modify the overall electronic structure. For one hollow structure of note, the hollow gold nanosphere (HGN), the SPR may be tuned across the visible wavelengths and into the nearinfrared by adjusting the ratio of outer diameter to shell thickness (the aspect ratio). 31 Increasing the aspect ratio and red-shifting the SPR may be accomplished by either increasing the diameter or thinning the shell. Because of this twofold tunability, the diameter and SPR frequency can in principle be independently adjusted, allowing the formation of targeted photoactivated structures of specific size and optical functionality. As such, HGNs could therefore become a powerful platform for a variety of nano-enabled applications.
Since the introduction of HGNs in 2005, much work has been done to elucidate their structure-dependent optical properties, 31−35 gain reproducibility of synthesis, 36, 37 and demonstrate their use in a variety of applications. 38−41 However, their formation mechanism has not yet been controlled to the point of achieving independent selection of both size and SPR. To this end, the synthesis must be investigated and improved to enable a high degree of control over diameter and shell thickness.
HGN diameters are determined by those of their cobaltbased NP scaffolds, sacrificial templates onto which shells of gold are formed through galvanic exchange (GE). 31, 42 These scaffolds are commonly made through sodium borohydride nucleation of aqueous cobalt salt. Although this reaction is often studied, it is not yet well understood. Disagreement exists in the literature over the identity of the main product (e.g., various cobalt−boron alloys have been reported), and size control methods remain elusive. In 2006, Schwartzberg et al. reported that small adjustments in overall scaffold diameter may be made by changes to the volume of both the sodium borohydride reducing agent and sodium citrate capping ligand used in scaffold synthesis, but larger sizes proved difficult to achieve reproducibly. 31 In 2009, a combination of alcohol solvents and a triblock copolymer surfactant were used to synthesize Co 2 B NPs ranging from 3.2 to 171.4 nm in diameter, but the larger size regime was plagued by broad size dispersion and precipitation, and analysis of the mid-range size regime reveals large relative standard deviation (RSD). 43 In 2011, silica-coated Co−B NPs were synthesized from 50 to 250 nm in diameter with improved RSD by adjusting the ratio of surfactant to cobalt salt precursor, but silica coating was required for particle stability and small size regimes were not demonstrated. 44 Recently, Pu et al. showed that reaction temperature may be used to slow nucleation and promote growth from 24 to 122 nm in diameter but some resultant particles were polydisperse and exact sizes were difficult to achieve reproducibly. 45 Although progress has been made, size control methods for cobalt-based NP systems remain limited and fine adjustments over a large size range have not been realized experimentally.
For a given scaffold diameter, the SPR frequency and full width at half-maximum of the resultant HGNs are determined by their shell thickness and uniformity, structural parameters that are governed by the GE process. Previously, Schwartzberg et al. showed that shell thickness could be increased simply by providing more gold during GE 31 but other factors affecting shell structure and uniformity have not been explored. One such factor is environmental oxygen. GE in HGN synthesis has traditionally been performed under aerobic conditions [31] [32] [33] [34] [35] [36] [37] [39] [40] [41] [42] 45 with cobalt as a starting template because of its favorable reduction potential and ease of oxidation in air. 46−49 This ease of oxidation allows facile removal of residual core material after shell formation without relying on postprocessing techniques like wet-chemical etching. However, competition between GE with gold and direct oxidation of the scaffold in air can potentially disrupt the reduction of gold and thus the shell uniformity.
In this work, we first investigate the formation of Co 2 B NP scaffolds made from sodium borohydride nucleation of aqueous cobalt chloride. In pursuit of size control, we introduce B(OH) 4 − (the final product of BH 4 − hydrolysis) as a growth agent, capable of slowing the nucleation of cobalt ions and promoting coalescence, thereby increasing the final size of the particles. Using this new protocol, we demonstrate the synthesis of highly monodisperse scaffolds, achieving incremental increases in hydrodynamic diameter over a ∼17−85 nm range. To our knowledge, this is the first demonstration of fine control of Co 2 B NP diameter while maintaining monodispersity. Second, in pursuit of shell control, we investigate the role of environmental oxygen in the GE process. Finally, combining insights from all results, we demonstrate a well-controlled synthesis of HGNs, enabling the formation of high quality monodisperse HGNs with twofold tunability over a range of selected diameter and SPR combinations.
■ METHODS AND EXPERIMENTAL SECTION
Synthesis of Co 2 B NP Scaffolds. Cobalt(II) chloride hexahydrate (CoCl 2 ·6H 2 O) was purchased from Sigma-Aldrich, trisodium citrate dihydrate (Na 3 C 6 H 5 O 7 ·2H 2 O) was purchased from VWR International, and sodium borohydride (NaBH 4 ) was purchased from Fisher Scientific. All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ.
Co 2 B NP scaffolds were synthesized via the well-established nucleation of Co 2+ ions with NaBH 4 , using citrate as a capping ligand. Briefly, a 100 mL solution of 0.40 mM CoCl 2 ·6H 2 O and 4.0 mM Na 3 C 6 H 5 O 7 ·2H 2 O was prepared in a 500 mL round-bottom flask and deaerated by bubbling with nitrogen for 1 h. During this time, the solution was stirred at 700 rpm with a magnetic stir bar. Then, a given volume of freshly prepared aqueous 1 M NaBH 4 (25−200 μL) was injected while the solution continued to stir under nitrogen protection. After the addition of NaBH 4 , the solution turned from pale pink to brown, indicating the reduction of Co 2+ ions and the formation of the Co 2 B NP scaffold. After 2 min, the stir bar was magnetically suspended above the solution and the Co 2 B NPs were subsequently allowed to stand under a constant nitrogen flow for 2 h to ensure complete hydrolysis of the borohydride nucleation agent.
Control of the Co 2 B NP Diameter. To synthesize larger Co 2 B NPs, a given volume of B(OH) 4 − (20−200 μL) was added to the freshly prepared aqueous 1 M NaBH 4 and quickly mixed before being injected into the cobalt salt solution. The presence of B(OH) 4 − prolonged the onset of color change from pale pink to brown/gray. To obtain B(OH) 4 − , a 1.0 mL aliquot of aqueous 1.0 M NaBH 4 was prepared and allowed to hydrolyze under ambient conditions for 48 h.
Co K-Edge XANES. The Co K-edge X-ray absorption near edge structure (XANES) spectra were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 7−3 with an average current of 300 mA at an electron energy of 3.0 GeV. The radiation was monochromatized using a Si(220) double crystal monochromator, which was detuned to 50% of its maximum at the Co K-edge. The intensity of the incident X-rays (I 0 ) was monitored by an N 2 -filled ion chamber in front of the sample. The monochromator energy was calibrated by using the first peak maximum of the first derivative of the Co foil spectrum (7709.5 eV). The solution-based samples were collected using a sealed glass cell with a silicon nitride window covering a hole in the glass cell through which the X-rays were incident into the solution. The sample was placed in an N 2 -purged box fitted with Kapton tape windows. The sample fluorescence signal was recorded using a 30-element Ge detector (Canberra) with the samples at 45°to the incident beam. Co K-edge data were collected for solutions of 0.4 M CoCl 2 and 0.4 M CoCl 2 + 0.8 M NaBH 4 . A powdered reference sample of commercially available Co(OH) 2 was collected without further purification by dilution in boron nitride (∼1% w/w) and then packed into 0.5 mm-thick aluminum sample holders using Kapton film windows on both sides. Data reduction of the XAS spectra was performed using SamView (SixPACK software, Samuel M. Webb, SSRL). Athena software (IFEFFIT package) was used to subtract the pre-edge and postedge contributions, and the results were normalized with respect to the edge jump.
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was performed using a monochromatized Al Kα source (hν = 1486.6 eV), operated at 225 W, on a Kratos Axis Ultra DLD system at a takeoff angle of 0°relative to the surface normal, and pass energy for narrow scan core level and valence band spectra of 20 eV. A tungsten filament charge neutralizer was utilized for the powdered samples. Spectral fitting was done using CasaXPS analysis software. Spectral positions were corrected using adventitious carbon by shifting the C 1s core-level position to 284.8 eV, and curves were fitted with quasi-Voigt lines following Shirley background subtraction. The samples were prepared in a nitrogen glove box.
UV−Visible Spectroscopy. UV−vis spectra were recorded with an Agilent Technologies Cary 60 UV−vis spectrophotometer using a 700 μL quartz cuvette with 10 mm optical path length. For Co 2 B NP extinction measurement, 500 μL aliquots were extracted from the solutions under nitrogen protection and immediately transferred to the spectrophotometer.
Dynamic Light Scattering. Dynamic light scattering (DLS) was performed on a DynaPro NanoStar from Wyatt Technology using Dynamics software version 7.1.7. The data acquisition parameters included water solvent, spherical radius of gyration (R g ) model, temperature of 20.000°C, and 30 acquisitions. The reported ± values represent one standard deviation from the mean. RSD represents one standard deviation as a percentage of the mean, using unrounded values for calculation. For the measurement, 200 μL aliquots were extracted from the solutions under nitrogen protection and immediately transferred to the DLS instrument.
Cyclic Voltammetry. Cyclic voltammograms (CVs) of NaBH 4 were taken on a Pine potentiostat (model AFCBP1) using an Au wire working electrode, a Pt coil counter electrode, and an Hg/HgO (1.0 M KOH) reference electrode. To hydrolyze the sample, 1.0 mL of 1.0 M aqueous NaBH 4 was prepared and left sitting under ambient conditions. At each time point, a 100 μL aliquot was transferred to 9.90 mL of 0.10 M KOH to suppress continued hydrolysis during measurement. CVs were taken at three time points (0, 24, and 48 h) using a 2.500 V/s sweep rate.
11 B NMR. Proton-coupled 11 B NMR was performed on a Bruker 500 MHz NMR using 5 mm-thin-walled Quartz NMR tubes (Wilmad, 528-PP-7QTZ) to eliminate extraneous boron signal. At each time point, an 80 μL aliquot of the 1.0 M aqueous NaBH 4 was transferred to 720 μL of 0.10 M KOH to create a 0.10 M NaBH 4 solution. A 720 μL aliquot of this solution was added to 80 μL D 2 O to make a final 10% v/v deuterated solution for frequency locking.
Synthesis of Hollow Gold Nanospheres. Chloroauric acid (HAuCl 4 ) was purchased from Fisher Scientific. All water used in synthesis was ultrapure in quality, with a resistivity of 18.3 MΩ. For anaerobic GE, a given volume (1.00−10.0 μL) of 0.10 M HAuCl 4 was added to 15 mL of ultrapure water and deaerated by bubbling with nitrogen gas for 1 h under magnetic stirring at 700 rpm. Once deaerated, GE was initiated by transferring 15 mL of the Co 2 B NP solution to the stirring gold solution via air-free cannula transfer. The resultant Co 2 B NP/Au core/shell particles were stirred for 2 min under nitrogen protection at 700 rpm before final oxidation of the remaining Co 2 B NP cores. The residual cobalt cores were fully oxidized either by removing the septa and stirring at 700 rpm for 3 min under ambient conditions or by transferring a 3.0 mL aliquot to a vial and vortexing for 10 s. For aerobic GE, a given volume (1.00−10.0 μL) of 0.10 M HAuCl 4 was added to 15 mL of ultrapure water and stirred for 60 min (to be consistent with the anaerobic protocol) under ambient conditions. GE was initiated by transferring 15 mL of the Co 2 B NP solution to the stirring gold solution via cannula transfer in air. The resultant Co 2 B NP/Au core/shell particles were stirred for 5 min at 700 rpm under ambient conditions to ensure complete oxidation of the residual Co 2 B NP cores.
Electron Microscopy. Scanning electron microscopy (SEM) was performed at the W.M. Keck Center for Optofluidics at the University of California, Santa Cruz on an FEI Quanta 3D field emission microscope operated at 5.00 kV acceleration voltage. Because the Co 2 B NP scaffolds are air-sensitive, great care was taken in preparing them for SEM. The as-formed Co 2 B NP scaffolds, synthesized under nitrogen protection, were transferred into an air-free glove box where they were centrifuged at 5000 rpm for 15 min. After removing the supernatant, the concentrated solution was dropped onto a hexagonal, 400 mesh copper grid with a carbon support film of standard 5−6 nm thickness (Electron Microscopy Sciences) and allowed to dry in the glove box under vacuum and nitrogen protection. When dry, the grid was immediately transferred to the microscope. HGN solutions were centrifuged twice under ambient conditions at 13 000 rpm for 2 min and resuspended in ultrapure water. High-resolution transmission electron microscopy (HRTEM) was performed at the National Center for Electron Microscopy (NCEM) at the Lawrence Berkeley National Laboratory Molecular Foundry on an FEI UT Tecnai microscope operated at 200 kV acceleration voltage. Diameter measurements were taken directly from HRTEM images using ImageJ software. For each sample, at least 50 HGN diameters were used to calculate the average diameter ± one standard deviation. Additionally, 12 shell thickness measurements were taken for each HGN measured. Individual HGNs were matched with their associated shell thickness measurements to determine the aspect ratio. − ratios of 0.500, 1.00, and 2.00 (scaffolds 6−9). Associated synthetic parameters are reported in Table 1 . 31, 42 Although the NPs produced by this method have often been described as elemental cobalt, various cobalt borides have been experimentally identified as the main products. 50−52 In agreement with these reports, in situ XANES spectra collected at the Co K-edge before and after the addition of borohydride confirm that Co 0 is not produced in our system. XPS spectra collected on the isolated brown cobalt-based product confirm the lack of metallic character. Taken together, these results are in better agreement with what has been reported in the literature for Co 2 B, as detailed in Supporting Information Discussion S1. A commonly accepted reaction mechanism with Co 2 B as the final product is shown in eq 1. 
ACS Applied Materials & Interfaces
To control the size of NPs, an understanding of their nucleation and growth processes is essential. In classical nucleation theory as set forth by LaMer in the 1950s, particle diameter is said to be governed by the extent of initial nucleation. The resultant scaffolds were characterized by their extinction spectra, as shown in Figure 1a . In the absence of a reducing agent, the extinction spectrum consisted only of a large signal at ultraviolet (UV) wavelengths representing the presence of citrate and a small peak ∼500 nm representing the , consistent with eq 1. Resultant hydrodynamic diameters were then assessed with DLS, as tabulated in Table 1 . Importantly, the hydrodynamic diameters of all Co 2 B NPs agree to within one standard deviation. Because the reaction between BH 4 − and CoCl 2 is fast, nucleation occurs rapidly but growth cannot proceed because of the lack of additional reactant after the initial injection. Thus, simply increasing or decreasing the amount of sodium borohydride may affect the extent of nucleation but is not enough to appreciably control the size of the resultant NPs for this system. Many recent studies on the formation mechanism of colloidal metal NPs from wet-chemical reduction of metal salt precursors have reported mechanisms that deviate from classical nucleation theory. 56−62 For instance, for the reduction of HAuCl 4 with NaBH 4 , a two-step mechanism has been described: metal ions are swiftly reduced to small clusters, which then rapidly coalesce to form the final particles. A similar mechanism was reported for the reduction of AgClO 4 with NaBH 4 , and it was found that clusters aggregate and coalesce until reaching a size at which there is sufficient stability to halt the process. In both reports, the extent of aggregation and coalescence, as opposed to the extent of initial nucleation, was determined to be the controlling factor in final NP size. Interestingly, in the case of AgClO 4 reduction, the onset of aggregation and coalescence was shown to arise from a destabilization of colloidal stability correlated with the hydrolysis of excess BH 4 − to B(OH) 4
−
. By contrast, for our cobalt system, the conversion of residual BH 4 − to B(OH) 4 − does not promote additional coalescence; the resultant scaffold size is the same whether BH 4 − is in excess or not. However, the presence of B(OH) 4 − during initial nucleation may indeed affect the formation of Co 2 B NPs. It has been recently shown that the decomposition of sodium borohydride during storage leads to significant changes in the resulting Co 2 B particles. 63 As B(OH) 4 − is the final decomposition product, we investigated its role in Co 2 B formation and its effect on the final particle diameter.
Optical and Structural Characterization of Co 2 B NP Scaffolds Made with B(OH) 4 − Growth Agent. To investigate the potential effect of B(OH) 4 − on Co 2 B NP formation, syntheses were repeated with B(OH) 4 − provided alongside the BH 4 − reducing agent. To obtain B(OH) 4 − , aqueous 1.0 M NaBH 4 was hydrolyzed for 48 h. The product was characterized and identified with proton-coupled 11 B NMR and cyclic voltammetry, as detailed in Supporting Information Discussion S2. 4 − molar ratios ranging from 0.500 to 2.00 and a molar excess of BH 4 (scaffolds 6−9). In all cases, the addition of B(OH) 4 − during the initial nucleation of cobalt ions resulted in an increase in scaffold diameter. In fact, the resultant scaffold is largest for large B(OH) 4 /BH 4 − ratios and small BH 4 − /Co 2+ ratios (scaffold 9). Importantly, the extinction spectrum can be used as an indicator of scaffold size. The extinction spectra for ∼20 nm scaffolds followed a normal exponential decay (Figure 1a ) but an inflection was apparent at ∼240 nm for that of the 43 ± 2 nm scaffold (Figure 1b, scaffold  6 ). In the case of larger sizes, the inflection grew into a small extinction feature that broadened and red-shifted with increasing diameter (Figure 1b , scaffolds 7−9). To our knowledge, this is the first experimental evidence of a sizedependent extinction feature in Co 2 B NPs. 
/BH 4
− ratio of 1.00, the scaffold formation was significantly delayed (Figure 2c, scaffold 7: 56 ± 1 nm). Instead, almost immediately, a small absorption edge appeared at 220 nm and remained stable until minute 4. This edge then broadened and increased in intensity through minute 8 after which time the spectrum remained relatively unchanged for the remainder of the observation.
A similar intermediate 220 nm feature was previously reported in the formation of silver NPs and was hypothesized as arising from the association of borohydride with the surface of primary monomers. 56 However, in our system, the edge near 220 nm cannot be due to borohydride. Instead, it was identified as being related to an interaction between B(OH) 4 − and hydrated Co 2+ ions. In a separate experiment, when B(OH) 4 − and Co 2+ ions were combined in the presence of citrate, the hydrated Co 2+ feature red-shifted from ∼500 to 520 nm and the UV absorption of B(OH) 4 − also red-shifted, increasing the signal around 220 nm. These extinction spectra and further discussion are provided in Supporting Information Discussion S3. Importantly, the data suggest that a complex is formed between B(OH) 4 − and Co 2+ ions in the presence of citrate. The formation of this complex can be used to explain the growth process of larger Co 2 B NPs.
To better understand the growth process and significance of the 220 nm signal, three wavelengths of interest are monitored over time in Figure 2b ,d: 500 nm to probe the disappearance of hydrated Co 2+ ions, 230 nm to probe the appearance of the Co 2 B NP scaffold, and 220 nm to probe the proposed Co 2+ + B(OH) 4 − complex. The 220 and 230 nm spectral contributions were deconvolved with singular-value decomposition (SVD), as detailed in Supporting Information Discussion S3. In the case of scaffold 5, when no B(OH) 4 − is present, Figure 2b confirms that the reaction between BH 4 − and CoCl 2 is rapid; hydrated Co 2+ were no longer discernible in the spectrum within the first minute. In the case of scaffold 7, the presence of B(OH) 4 − hindered BH 4 − from reacting with cobalt ions as quickly and the spectral contribution from hydrated Co 2+ was still clearly visible until minute 6. When the Co 2 B NP scaffold did begin to form, it did so at a slower rate, requiring almost 4 min for full growth. For both scaffolds, spectral contribution from the Co 2 B NPs began to appear only when the cobalt ions began to be consumed, as would be expected. The SVD results also support the classification of the 220 nm edge as arising from the interaction between Co 2+ and B(OH) 4 − as its appearance is strongly correlated with the presence of hydrated Co 2+ and its depletion with the appearance of the Co 2 B scaffold.
In summary, the growth of Co 2 B NP scaffolds may be promoted by the addition of B(OH) 4 − alongside BH 4 − . Although B(OH) 4 − is not a reducing agent, it does indeed affect the initial nucleation of cobalt ions, simply by slowing the process. When B(OH) 4 − is present, a complex is formed with The 220 and 230 nm spectral contributions were deconvolved using SVD. For all spectra, the citrate contribution has been subtracted to better reveal the appearance of extinction below 300 nm. the hydrated cobalt ions, which hinders the BH 4 − from normal nucleation. In addition to slowing the initial reduction, B(OH) 4 − aids particle growth, likely through the destabilization of primary clusters and promotion of coalescence processes. It has been well-established that BH 4 − serves as a stabilizing agent for NPs through electrostatic adsorption onto the particle surface. 47−49 If BH 4 − access is hindered, the stabilization of asformed clusters could also be hindered. The less-stable clusters are more likely to aggregate and coalesce, resulting in the formation of larger particles. Although beyond the remit of this primarily synthetic investigation, further studies are needed to add insights into the Co 2 B NP growth mechanism, particularly to separate growth by coalescence of the as-formed clusters from growth by additional reduction of ions in the electrical double layer.
Demonstrating Fine Control of Co 2 B NP Diameter while Maintaining Monodispersity. We have shown that B(OH) 4 − may be employed as a growth agent in the synthesis of Co 2 B NPs. As demonstrated in Figure 3 , high-quality Co 2 B NPs with diameter ranging from ∼17 to 85 nm may be prepared with this method, all with RSD <3% and many with RSD <2%. In general, a greater B(OH) 4 − /BH 4 − ratio results in larger Co 2 B NP diameters. However, this trend is not without limit. There exists a threshold after which size can no longer be increased by increasing B(OH) 4 − alone. At this point, larger sizes may be accessed by a reduction in BH 4 − . In this way, the size of the resultant Co 2 B NPs represents a delicate interplay between the extent of nucleation and amount of growth agent. In Figure 3 , the B(OH) 4 − /BH 4 − ratio ranges from 0 (red 2+ ratio ranges from 5 to 1, respectively. Synthesis of HGNs: Galvanic Exchange and Controlled Oxidation of Co 2 B NP Scaffolds. When using Co 2 B NP scaffolds for the formation of HGNs, our findings reveal that the shell structure may be dictated not only by the starting scaffold (to control the overall size and shape) and the amount of metal provided for GE (to control the shell thickness) but also by the extent of competing oxidation reactions due to the presence of environmental oxygen. To demonstrate this, two protocols for HGN synthesis are illustrated in Figure 4 . Both protocols involve the same steps: Co 2 B NPs are prepared as previously described, GE is carried out between the Co 2 B NP scaffold and chloroauric acid, and the residual Co 2 B NP cores are oxidized into the solution by exposure to environmental oxygen to leave behind solvent-filled shells of gold. However, the protocols differ in the timing of oxygen introduction. In the aerobic protocol, GE and environmental oxygen exposure occur simultaneously. In the anaerobic protocol, these are separated into independent steps. In this way, a Co 2 B/Au core/shell NP is allowed to form before the interaction of Co 2 B with environmental oxygen. An SEM image is provided for the Co 2 B NP scaffolds and an HRTEM image is provided for the Co 2 B/ Au core/shell NPs formed after GE as well as the HGNs formed after oxidation of the residual Co 2 B cores.
To assess the effect of environmental oxygen on shell formation, scaffold 7 was taken through GE with 0.10−1.0 μmol HAuCl 4 using aerobic and anaerobic protocols. The optical and structural properties of the resultant HGNs were characterized with UV−vis and HRTEM, as shown in Figure 5 . In Figure 5a , for each protocol, the wavelength of SPR maximum is plotted as a function of the amount of gold. As expected, regardless of protocol, when less gold was provided for GE, the SPR was red-shifted because of the formation of thinner shells. However, for given amounts of HAuCl 4 , the anaerobic protocol consistently produced a redder SPR than the aerobic protocol. The extinction spectra of HGNs made with 0.30 μmol HAuCl 4 is provided as a representative example in Figure 5b . When oxygen was present during GE, the SPR was centered at 665 nm (dashed line). When GE was instead carried out in the absence of oxygen, the SPR was stronger and relatively red-shifted, centered at 760 nm (solid line). HRTEM reveals that these optical differences arise from structural ones. The aerobic shells are not continuous but resemble a patchwork collection of smaller gold particle domains ( Figure  5c ). The anaerobic shells, on the other hand, are smoother and more intact (Figure 5d ). Extinction spectra and HRTEM images of HGNs made with the other amounts of HAuCl 4 are provided in Supporting Information Discussion S4.
Although the red shift between protocols was observed for the majority of the amounts of HAuCl 4 investigated, it is not without limits. The SPR values of HGNs for both protocols are in close agreement for the high and low amounts of HAuCl 4 . This result can also be explained from a structural standpoint. At high volumes of gold, the anaerobic shell thickens and becomes more irregular, resembling the structure of the thick aerobic shell (e.g., the results for 1.0 μmol HAuCl 4 in Figures  5a, S5f) . On the other hand, if the volume of gold is too low, the shell begins to resemble a cage structure, with missing portions of the shell wall. When the gold volume is lowered even further, there is not sufficient material for the shell to retain structural integrity once the residual Co 2 B NP core is oxidized out. In this case, only large gold fragments remain and the SPR blue-shifts to ∼600 nm for both protocols (e.g., the results for 0.10 μmol HAuCl 4 in Figure 5a) . Importantly, the anaerobic GE protocol was able to produce and stabilize relatively thinner shells before they lost structural integrity. The degree to which the SPR red-shifted as the amount of HAuCl 4 was decreased is much greater for the anaerobic GE protocol overall. For instance, the anaerobic SPR shifted to 870 nm whereas the aerobic SPR was able to reach only 670 nm. We propose that because anaerobic GE allows the scaffold to be protected while it exchanges with gold, no competition exists between gold and oxygen during shell formation and gold is therefore able to reduce onto the scaffold in a more uniform manner. The uniformity of plating enables thinner shells to form and be continuous enough to remain intact. This is especially advantageous for tuning the SPR of small HGNs to longer wavelengths, which has been a difficult task as red-shifting a small particle requires the formation of a very thin shell. The red shift in SPR with anaerobic GE is demonstrated for the smaller diameter scaffold 5 in Supporting Information Discussion S4.
Finally, we also assessed the effect of oxygen during the final synthesis step of the anaerobic protocol, the residual Co 2 B NP core oxidation. Specifically, we investigatedthe rate of Co 2 B removal from the Co 2 B NP/Au structures by varying the rate of oxygen addition. This work is discussed in Supporting Information Discussion S5, and the results suggest that the shell is still alterable even after GE. In effect, we show that a range of SPR frequencies, spanning upward of 100 nm, may be accessed from the same starting Co 2 B NP scaffold and gold amount through different routes of oxygen introduction during steps I and II of synthesis. It is possible that larger shifts in SPR are obtainable with more finely controlled oxygenation during and after GE.
Demonstrating Twofold Tunability: Independent Control of HGN Diameter and SPR. With better synthetic G control of the Co 2 B NP diameter and an understanding of how to achieve high-quality uniform shells, we demonstrate the twofold tunability of HGNs. As shown in Figure 6a , by controlling both diameter and shell thickness, we have synthesized HGNs of the same outer diameter with different SPRs. Conversely, as shown in Figure 6b , we have also synthesized HGNs of different outer diameters with the same SPR by keeping the aspect ratio constant. This degree of tunability is unique to date and is especially advantageous for HGN use in applications that are sensitive to both size and SPR. Furthermore, our approach provides opportunities to investigate the fundamental size dependence of photophysical and photocatalytic properties, such as those for plasmonic hot carriers, by enabling uniform energy distributions for a range of HGN sizes.
■ CONCLUSIONS
To control the HGN diameter, we have introduced an improved size control method for Co 2 B NP scaffolds. By varying the relative amounts of BH 4 − nucleation and B(OH) 4 − growth agents, high-quality Co 2 B NPs were prepared with hydrodynamic diameters ranging from ∼17 to 85 nm and RSD <3%. To control HGN shell thickness and uniformity, oxygen must be regarded as a reactant in GE as it affects both the structural and optical properties. These findings provide important new insights into the mechanism of growth of HGNs with controlled SPRs and have broader implications for the growing field of conversion chemistry, particularly for the formation of hollow metal nanostructures through GE with cobalt or other air-sensitive materials. Finally, with this level of synthetic control, high-quality HGNs over a range of desired size and shell thickness combinations can be obtained, an achievement critical to many applications that require specific particle size or SPR wavelength. 
